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The ink of sea hares (Aplysia californica) contains escapin, an L-amino acid oxidase that metabolizes L-lysine,
thereby producing a mixture that kills microbes and deters attacking predators. This secretion contains H2O2,
ammonia, and an equilibrium mixture of “escapin intermediate product” (EIP-K) that includes �-keto-�-
aminocaproic acid and several other molecules. Components of the equilibrium mixture react nonenzymati-
cally with H2O2 to form “escapin end product” (EEP-K), which contains �-aminovaleric acid and �-valero-
lactam. The proportions of the molecules in this equilibrium mixture change with pH, and this is biologically
important because the secretion is pH 5 when released but becomes pH 8 when fully diluted in seawater. The
goal of the current study was to identify which molecules in this equilibrium mixture are bactericidal. We show
that a mixture of H2O2 and EIP-K, but not EEP-K, at low mM concentrations is synergistically responsible for
most of the bactericidal activity of the secretion against Escherichia coli, Vibrio harveyi, Staphylococcus aureus,
and Pseudomonas aeruginosa. Low pH enhances the bactericidal effect, and this does not result from stress
associated with low pH itself. Sequential exposure to low mM concentrations of EIP-K and H2O2, in either
order, does not kill E. coli. Reaction products formed when L-arginine is substituted for L-lysine have almost
no bactericidal activity. Our results favor the idea that the bactericidal activity is due to unstable intermediates
of the reaction of �-keto-�-aminocaproic acid with H2O2.

Defensive chemical secretions are produced by many ani-
mals, including a marine snail, the sea hare Aplysia californica.
When vigorously attacked by predators, sea hares release an
inky secretion (see Fig. S1 in the supplemental material). This
ink secretion is a mixture of the products of two glands: a
purplish ink from the ink gland and a whitish, mucousy ink
from the opaline gland (7, 21). This secretion protects sea
hares through a diverse number of chemicals and mechanisms,
some acting on predators to abate their attack and others
acting on conspecific sea hares as alarm cues to evoke escape
behaviors (3, 4, 7–9, 12–14, 17, 19).

One of the bioactive ingredients in the ink gland secretion of
A. californica is escapin, an L-amino acid oxidase (L-AAO).
Escapin has orthologs in the ink of other sea hare species and
paralogs in the eggs and other tissues of A. californica (re-
viewed in references 3 and 10). Substrates of escapin and its
homologs include L-lysine and L-arginine (22). However, L-
lysine is the major natural substrate, since the concentration of
L-lysine in the secretion is much higher than that of L-arginine.
In the A. californica secretion, L-lysine and L-arginine are
present at concentrations of 145 and 0.5 mM, respectively
(4, 8).

The chemistry of the escapin/L-lysine pathway is summarized
in Fig. 1. This series of chemical reactions produces products

that interact with each other to form a diverse group of mol-
ecules at low millimolar concentrations within a few seconds of
the release of the secretion (M. Kamio, K.-C. Ko, S. Zheng, B.
Wang, S. L. Collins, G. Gadda, P. C. Tai, and C. D. Derby,
submitted for publication). The first step is escapin’s oxidative
deamination of L-lysine (compound 1), which produces an
equilibrium mixture of compounds that we call “escapin inter-
mediate products of lysine” (EIP-K); they include �-keto-ε-
aminocaproic acid (compound 2), �1-piperideine-2-carboxylic
acid (compound 3), �2-piperideine-2-carboxylic acid (com-
pound 4), 6-amino-2-hydroxy-hex-2-enoic acid (compound 7),
possibly 6-amino-2,2-dihydroxy-hexanoic acid (compound 8),
2-hydroxy-piperidine-2-carboxylic acid (compound 9), H2O2,
and ammonium. Three of these compounds, compounds 2, 3,
and 4, then react nonenzymatically with H2O2 to yield a mix-
ture of �-aminovaleric acid (compound 5) and �-valerolactam
(compound 6), which we call “escapin end products of L-lysine”
(EEP-K). The pH of A. californica ink is �5.0 at full strength,
in contrast to a pH of �8.0 for seawater (18). This is significant
because pH affects the equilibrium among the escapin reaction
products: though the cyclic forms 3 and 6 dominate at any pH,
the naturally low pH of the secretion favors the linear forms 2
and 5 (9a).

Sea hare L-AAOs have been of interest primarily to biomed-
ical researchers in search of antitumor and antimicrobial com-
pounds (reviewed in references 3 and 10). There is very little
known about antipredatory functions of molecules in the path-
way of sea hare L-AAOs (1, 9, 19). Most studies of sea hare and
other gastropod L-AAOs identified H2O2 as the primary anti-
microbial product of this pathway, though other compounds
are implicated (reviewed in references 3, 10, 11, and 15).
Escapin was tested on 11 types of microbes, and it was found to
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be bacteriostatic for all (22). Against Escherichia coli, H2O2 at
concentrations below 10 mM accounts for most of the bacte-
riostatic effects of escapin’s products, but it contributes rela-
tively little (10� reduction in bacterial number) compared to
the powerful bactericidal effects of escapin’s products (up to
107� reduction) (22). The reaction of escapin with L-arginine
produces a mixture with almost no bactericidal activity, even
though the product contains more H2O2 than the product
of the reaction of escapin with L-lysine (22). This demonstrates
that compounds other than H2O2 are responsible for the bac-
tericidal effects of escapin.

The goal of this study was to identify the bioactive compo-
nents of the complex equilibrium mixture of the escapin/L-
lysine pathway by examining their bactericidal effects. We show
that only a few of these compounds, in specific combinations,
are bactericidal.

MATERIALS AND METHODS

Animals. Sea hares (Aplysia californica Cooper 1863) were collected in Cali-
fornia by Marinus Scientific (Garden Grove, CA). The sea hares were dissected
on the day of arrival in our laboratory. Experiments were performed according
to Georgia State University regulations and national guidelines.

Collection of ink and isolation of escapin. Ink glands were dissected from
anesthetized animals and frozen at �80°C until they were used. Purple ink was
collected by gently squeezing dissected ink glands in a petri dish with the blunt

end of a scalpel handle. Escapin (ATCC accession no. AY615888) was isolated
and purified by using an ÄKTA 100 automated fast protein liquid chromatog-
raphy system. A two-step purification process involving an initial size separation
followed by a purification using a cation-exchange Mono S column was per-
formed according to the method of Yang et al. (22).

Preparation of the products of oxidation of L-amino acids by escapin. To
produce EIP-K or EIP-R, we typically incubated 55 mM L-lysine or L-arginine
monohydrochloride, 1 � 10�3 mg/ml escapin, and 0.13 mg/ml catalase in deion-
ized water at 30°C on a shaker for up to 24 h. This solution was filtered using an
Amicon Ultra-4 centrifugal filter device (Millipore Corp., Billerica, MA) to
remove escapin and catalase and then stored it at �80°C until it was used further.
To produce EEP-K or EEP-R, we performed the same procedure except catalase
was not added to it. The concentration of the EIP-K mixture was expressed as the
starting concentration of L-lysine.

Chemicals and the synthesis of components in EIP-K. L-Lysine (compound 1),
�-aminovaleric acid (compound 5), �-valerolactam (compound 6), L-arginine,
catalase, and H2O2 were purchased from Sigma-Aldrich (St. Louis, MO). We
synthesized a solution containing �-keto-ε-aminocaproic acid (compound 2), the
dehydropipecolinic acid enamine/imine tautomer mixture (compounds 3 and 4),
6-amino-2-hydroxy-hex-2-enoic acid (compound 7), 2-hydroxy-piperidine-2-car-
boxylic acid (compound 9), and possibly 6-amino-2,2-dihydroxy-hexanoic acid
(compound 8), as performed by Kamio et al. (9a); we call this synthetic EIP-K.
Since both synthetic EIP-K and natural EIP-K are dominated by compound 3, we
quantified their concentration using the NMR signal of compound 3 with 50
nmol of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TSP-d4; Sigma-
Aldrich) as an internal standard and expressed the concentration relative to the
starting concentration of L-lysine.

Bactericidal assay. Escherichia coli strains MC4100 and C921-b2, Vibrio har-
veyi strain BB170, Staphylococcus aureus strain ATCC 6835, and Pseudomonas

FIG. 1. Summary of the chemistry of the reaction of escapin with L-lysine, including the effects of pH on the relative composition of the
molecular species in the equilibrium mixture.
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aeruginosa strain PAO1 were used in our assays. Bacteria were incubated until
they reached a density of �3 � 108 cells/ml in Luria-Bertani medium (LB) at pH
7, and they were then transferred to LB at pH 7 or LB with adjusted pH buffer.
Bacteria were treated with chemicals and controls in a Thermomixer (37°C;
Eppendorf) for 10 min. Samples were serially diluted and plated onto petri
dishes with solid LB at pH 7 and incubated overnight at 37°C. Viable cell counts
were determined by enumeration of CFU with appropriate dilutions. Given that
L-lysine is present at �145 mM in full-strength secretion (4) and given the
kinetics of escapin under natural conditions, escapin is expected to generate 1 to
10 mM of H2O2 and other intermediate products within 10 s (9a). Thus, most of
our bioassays used low mM concentrations of products. The statistical signifi-
cance of bactericidal effects was analyzed with paired t tests or analysis of
variance with an � value of 0.05.

RESULTS AND DISCUSSION

Bactericidal activity of the products of escapin’s intermedi-
ate and end products of L-lysine and L-arginine. We used
Escherichia coli MC4100 to test the bactericidal activity of
products generated by the oxidative deamination of L-lysine or
L-arginine by escapin at pH 7 (Fig. 2). The mixture of 45 mM
EIP-K and 10 mM H2O2 produced by far the greatest bacte-
ricidal activity, a �7-log unit reduction in cell number. Its
effect was significantly greater than that of either EIP-K alone
(no reduction from the control) or H2O2 alone (�1-log unit
reduction, which is significantly greater than that of its con-
trol). The mixture of 45 mM EEP-K and 10 mM H2O2 pro-
duced a �2-log unit reduction in cell number, which was a
greater bactericidal effect than that seen with H2O2 but much
less than that seen with EIP-K and H2O2. The mixture of
EIP-R and H2O2 was not bactericidal (the same as EIP-R
alone), even though L-arginine was as effective as L-lysine as a
substrate for escapin. EEP-R was not bactericidal. EEP-R with
H2O2 was significantly though mildly bactericidal, producing a
�2-log unit reduction in cell number.

The bactericidal effects of EIP-K, H2O2, and EIP-K � H2O2

were then compared for four bacteria: Escherichia coli C921-
b2, a nonvirulent form of a pathogenic strain of this gram-

negative species; Vibrio harveyi, a gram-negative marine spe-
cies; Staphylococcus aureus, a gram-positive and pathogenic
species; and Pseudomonas aeruginosa PAO1, a gram-negative
pathogenic species (Fig. 3). These four species were used be-
cause escapin was previously shown to be inhibitory against
each of them (22). Our results show that EIP-K alone up to
27.5 mM (Fig. 3a1 to d1) or H2O2 alone up to 5 mM (Fig. 3a2
to d2) was not bactericidal against any of them. However, when
mixed, EIP-K and H2O2 were potently and significantly bacte-
ricidal, in a concentration-dependent manner (P 	 0.05; anal-
ysis of variance). The effect was strongest for P. aeruginosa and
weakest for S. aureus. The bactericidal effect on E. coli was
lower at the highest concentration, 27.5 mM EIP-K � 5 mM
H2O2. Our finding that P. aeruginosa is extremely sensitive to
these chemicals is of interest, given that this bacterium is a
human pathogen that is often highly resistant to antimicrobial
agents (2).

We used E. coli C921-b2 as a representative species in all
subsequent experiments to determine mechanisms of the bac-
tericidal effect.

Identification of bactericidal compounds in escapin’s path-
way. We compared the bactericidal activity of natural EIP-K
(generated as in the previous experiment using escapin) and
the bactericidal activity of synthetic EIP-K (synthesized as per-
formed by Kamio et al. [9a] and which contains an equilibrium
mixture of compounds 2 to 4 and 7 to 9). Both are mixtures
dominated by compound 3. The two mixtures, when in the
presence of H2O2, showed similar bactericidal activities (Fig.
4a). The bioactivity was concentration dependent up to 20 mM.
The similarity of these functions supports the conclusion that
the bactericidal activity of natural EIP-K is due to the inter-
action of one or more of the components of the equilibrium
mixture of compounds 2 to 4 and 7 to 9 with H2O2. EIP-K,
either natural or synthetic, at high concentrations and in the
presence of 5 mM H2O2 was less bactericidal than EIP-K at
some lower concentrations (Fig. 4a; see also Fig. 3). This type
of concentration-response relationship is known as the Eagle
effect and has been reported for a variety of microbes and
antimicrobial agents (5, 6, 20). The mechanism responsible for
the Eagle effect in our study is unknown, but it is worth noting
that the curve was U-shaped for either a variable concentration
of EIP-K in a constant concentration of H2O2 or a variable
concentration of H2O2 in a constant concentration of EIP-K
(Fig. 3a1 and a2). Also, the concentrations at which the inflec-
tion in the curve occurred differed, though inflections typically
occurred at �20 mM EIP-K, as can be seen by the relatively
high variance for this concentration of EIP-K (Fig. 3a1 and a2).

The components of EEP-K, i.e., �-aminovaleric acid (com-
pound 5) and �-valerolactam (compound 6), presented either
alone or in combination with 5 mM H2O2 had very little bac-
tericidal activity or no bactericidal activity (Fig. 4b).

These results, together with those shown in Fig. 2 and 3,
demonstrate that the interaction of H2O2 with one or more of
the compounds 2 to 4 or 7 to 9, but not compound 5 or 6, is
responsible for the bactericidal activity.

Influence of pH in the bactericidal activity. The composi-
tions of the reaction products of escapin change with pH of the
solution (Fig. 1). The linear forms 2 and 5 become relatively
more abundant under acidic conditions, although the cyclic
forms 3 and 6 always dominate (9a). We expect that pH
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FIG. 2. Bactericidal effects of escapin intermediate products and
escapin end products in the absence (w/o) or presence (w/) of 10 mM
H2O2, at pH 7, on E. coli MC4100. Concentrations of the intermediates
and end products are based on a starting substrate concentration of 45
mM L-lysine (for EIP-K and EEP-K) or 45 mM L-arginine (for EIP-R
and EEP-R). Values are means 
 standard errors of the means for
three replicates from a representative experiment. Asterisks indicate
that the value for product with H2O2 is significantly lower than that for
product without H2O2 (P 	 0.05; paired t test).
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FIG. 3. Bactericidal effects of EIP-K, H2O2, and EIP-K � H2O2, for four species of bacteria: Escherichia coli strain C921-b2, Vibrio harveyi
strain BB170, Staphylococcus aureus strain 6835, and Pseudomonas aeruginosa strain PAO1. Each figure depicts results of one to four experiments,
with three replicates per experiment. Panels a1 to d1 depict concentration-response functions for EIP-K alone or EIP-K with 5 mM H2O2. Panels
a2 to d2 depict concentration-response functions for H2O2 alone or H2O2 with 27.5 mM EIP-K. The antimicrobial effect was greater for the mixture
of EIP-K and H2O2 than for either individual component.
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changes will affect the bactericidal activity of the mixture if
some components are more bactericidal than others. Thus, to
determine which components of the escapin pathway are bac-
tericidal, we examined the effect of pH on the bactericidal

activities of EIP-K and the synthetic product in the presence or
absence of H2O2 (Fig. 5). The intensity of the bactericidal effect
of EIP-K � H2O2 and synthetic product–H2O2 changed with
pH, being greatest at pH 6, intermediate at pH 7, and virtually

FIG. 4. Bactericidal effects of escapin products on E. coli C921-b2. (a) Effects of naturally produced intermediates of action of escapin on
L-lysine versus synthesized lysine intermediate products, tested in the presence of 5 mM H2O2 at pH 7. Both mixtures are dominated by compound
3, so concentrations are defined in lysine equivalents using the nuclear magnetic resonance signal of compound 3 and TSP-d4 as a standard (see
Materials and Methods). Conc., concentration. Values are means 
 standard errors of the means (two to four experiments, each run in triplicate).
(b) Bactericidal effects of 55 mM EEP-K and identified end products, �-aminovaleric acid (compound 5) and �-valerolactam (compound 6), whose
concentrations are the same as those in EEP-K in the absence (w/o) or presence (w/) of 5 mM H2O2 at pH 7. Values are means 
 standard errors
of the means (two to four experiments, each run in triplicate).

FIG. 5. (a) Effect of pH on bactericidal activity of EIP-K and synthetic products (both at 27.5 mM) in the absence (w/o) or presence (w/) of
5 mM H2O2. Asterisks indicate that the value for the product with H2O2 is significantly lower than that for the product without H2O2 (P 	 0.05;
paired t test). (b) Viability of bacteria at pH values of 6 to 8 at temperatures from 0 to 45°C. Values are means 
 standard errors of the means
(two to four experiments, each run in triplicate).
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absent at pH 8 (Fig. 5a). This suggests that the linear form 2,
when mixed with H2O2, has bactericidal activity and that the
cyclic forms 3 and 4, when mixed with H2O2, do not. To
determine if the stronger bactericidal effect at a lower pH was
caused by attenuation of the viability of bacteria under stress,
we treated bacteria with another form of stress, temperature
shock, at pH values of 6 to 8 (Fig. 5b). Our results showed that
pH did not affect bacterial viability at temperatures as high as
45°C, suggesting that the effect of pH is not due to a nonspe-
cific stress but rather is due to a chemical-specific effect: the
mixture of compound 2 � H2O2 is responsible for most of the
bactericidal activity of escapin.

Bactericidal effect of EIP-K and H2O2 requires simulta-
neous presentation. The bactericidal effect of the mixture of

EIP-K and H2O2 might result either from an unstable inter-
mediate of the reaction of H2O2 with compound 2 or from
H2O2 and compound 2 acting in combination to kill bacteria.
To explore the bactericidal mechanism, we presented EIP-K
and H2O2 sequentially rather than simultaneously and also
presented them in different orders. If the sequential presenta-
tion is bactericidal, this would be evidence against the bacte-
ricidal components being unstable intermediates. The results
showed that EIP-K and H2O2 must be simultaneously pre-
sented to be bactericidal (Fig. 6), thus supporting the idea that
the bioactive molecules are unstable intermediates of the re-
action of compound 2 and H2O2.

Bactericidal effect of EIP-K and H2O2 does not require
protein synthesis. The bactericidal effect of the mixture of
EIP-K and H2O2 was not affected by exposure to a protein
synthesis inhibitor, either puromycin or chloramphenicol
(Fig. 7). This result is consistent with the results of Yang et
al. (22), who used escapin in LB, and supports the conclu-
sion that this bactericidal mechanism does not require new
protein synthesis.

Conclusions. The defensive secretion of sea hares is a com-
plex mixture, of which the molecules generated by escapin, an
L-AAO that uses L-lysine as its substrate, form an equilibrium
mixture whose balance depends on pH, as summarized in Fig.
1. These escapin products are both bacteriostatic and bacteri-
cidal. H2O2 accounts for most of the bacteriostatic activity and
a significant amount though relatively small portion of the
bactericidal activity: H2O2 at up to 10 mM kills �90% of the
bacteria, but this is much less than the value corresponding to
the mixture, which reduces bacterial levels to 10�7 times the
preexposure levels. The bactericidal effect is rapid and does
not require protein synthesis. A strong correlation between the
effect of pH on the relative concentrations and on the bacte-
ricidal activity of molecular species in the equilibrium mixture
strongly suggests that the mixture of H2O2 and �-keto-ε-ami-
nocaproic acid (compound 2) accounts for most of the bacte-
ricidal activity of escapin, as depicted in Fig. 8. Tests using
simultaneous or sequential presentation of compounds strongly
suggest that the bactericidal effects are unstable intermediates
generated by chemical interactions between compound 2 and
H2O2, but the effects are not due to �-aminovaleric acid (com-

FIG. 6. Bactericidal effect of EIP-K and H2O2 presented in differ-
ent temporal combinations. EIP-K (27.5 mM) and H2O2 (5 mM) were
presented to bacteria at pH 7 singly for 10 min, simultaneously for 10
min (EIP-K � H2O2), sequentially with EIP-K first for 10 min followed
by rinsing and then by H2O2 for 10 min (EIP-K3H2O2), sequentially
with H2O2 first for 10 min followed by rinsing with LB then by EIP-K
for 10 min (H2O23EIP-K), or with neither EIP-K nor H2O2 (Con-
trol). Only EIP-K � H2O2 produced significant and substantial bacte-
ricidal activity. Values are means 
 standard errors of the means (two
to four experiments, each run in triplicate). An asterisk indicates that
the value for the product with H2O2 is significantly lower than that for
the product without H2O2 (P 	 0.05; paired t test).

FIG. 7. Effect of a protein synthesis inhibitor, chloramphenicol or puromycin, on the bactericidal activity of EIP-K � H2O2. Chloramphenicol
(50 �g/ml), puromycin (100 �g/ml), or H2O (control) was presented to bacteria for 10 min and then rinsed with LB (start). EIP-K (27.5 mM), H2O2
(5 mM), EIP � H2O2, or H2O (w/o treatment) was presented to bacteria separately for another 10 min. Values are means 
 standard errors of
the means (two to four experiments, each run in triplicate). Asterisks indicate that the value for the product with H2O2 is significantly lower than
that for the product without H2O2 (P 	 0.05; paired t test).
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pound 5), the end product of the reaction of compound 2 and
H2O2. Our work is consistent with other studies on L-AAOs of
various types showing that H2O2 is a potent antimicrobial
agent (e.g., references 15 and 16), but it provides the novel
finding that other molecules generated by reactions between
products of L-AAOs are much more potent antimicrobials.
Future studies can focus on detailed mechanisms of this un-
usual synergistic bactericidal effect, identifying antipredatory
components of the escapin pathway, and testing if similar ef-
fects occur for other L-AAOs.
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